[14]. Four structural proteins essential for SC assembly have been identified: SYP-1, SYP-2, 48 SYP-3, and SYP-4 [15] [16] [17] [18] . Limited information about their organization within the SC has been 49 obtained through protein-protein interaction analysis and immuno-electron microscopy [19] . 50 Super-resolution microscopy has emerged as a powerful tool to investigate the organization of 51 macromolecular assemblies, including the SC [20, 21]. We recently described the molecular 52 architecture of meiotic chromosome axes, which form the substrate for SC assembly, based on 53 3D-STORM [22, 23] in intact C. elegans gonads [24] . Here, we apply this approach to analyze 54 the organization of the SC during meiotic prophase. 55 lateral stacking of SYP-1 molecules during meiotic progression, which has previously been 87 suggested based on observations of increased fluorescence intensity during late pachytene in 88 budding yeast [4] and C. elegans [5] . The distinct localization patterns of N-and C-terminal 89 epitopes in early and late SCs along the z axis suggest a more complex reorganization of SYP-1 90 during meiosis. 91
To further probe the orientation of SYP-1 within the SC, we mapped the N-terminal 92 localization events to the C-terminal distributions, assuming a rigid, rod-like conformation (Fig. 93 S2a-b, see methods). Our approach indicated that SYP-1 lies nearly parallel to the SC in early 94 pachytene, but is diagonally oriented in late pachytene ( Fig. 2a-b ). 95
We next asked how the organization of other SC components was affected by meiotic 96 progression. We mapped the C-termini of SYP-2, SYP-3-HA and SYP-4-HA, the N-terminus of 97 GFP-SYP-3 [32] , and an epitope inserted into the middle of SYP-4 (Table S2 , Fig. 1d , e, m and 98 Extended Data Fig. S3 ). The results are summarized in Table S1 . We observed consistent 99 differences between early and late pachytene for most epitopes, particularly for the C-terminus of 100 SYP-4, which moves from a central plane in early pachytene to a splayed orientation, protruding 101 above and below the central plane of the SC, in late pachytene ( Fig. S2c and S3 , Table S1 ). 102
Similarly, epitopes on SYP-2 and SYP-3 were more central in early pachytene than late 103 pachytene ( Fig. 1d ,e,m, S2c and Fig. S3 ). We further found that SYP-3 localized at (N) or close 104 to (C) the midline of the SC in x, suggesting a head-to-head arrangement of SYP-3 molecules 105 ( Fig. S3 and Table S1 ). These findings are inconsistent with one conclusion of a previous study, 106 that the C-terminus of SYP-3 lies in proximity to the axes [19] . This discrepancy may reflect the 107 challenges of determining the orientation of the SC in samples prepared for immuno-EM. 108
Overall, 3D-STORM imaging and probabilistic modeling provide new insights into SC 109 ultrastructure and reveal a marked reorganization of SC components during meiotic progression 110 ( Fig. S2c) . 111
Crossover formation is accompanied by a change in synaptonemal complex organization 112
Programmed double-strand breaks (DSBs) are generated during early prophase. A subset 113 eventually gives rise to crossover (CO) recombination events. In C. elegans each pair of 114 homologous chromosomes undergoes only a single CO, while all other breaks are repaired to 115 yield noncrossover products. Some of the key signaling molecules that regulate CO site selection 116 localize to the SC [3, 11-13, 33, 34] , and the integrity of this structure is important for CO 117 regulation [9] . Previous work from our group revealed that the SC behaves as a liquid crystal [3] , 118 suggesting that diffusing signals and/or structural transitions could be propagated through this 119 material [35] . Interestingly, recent evidence suggests that the central region of the SC grows in 120 length and/or thickness throughout the pachytene stage of meiotic prophase, and that SC proteins 121 may become more stably associated with this structure upon crossover formation [4] [5] [6] [7] 9] . Thus, 122
we wondered whether the dramatic reorganization of the SC during meiotic prophase might be 123 linked to crossover formation and might provide a structural basis for the SC's role in CO 124 regulation. We therefore first asked whether the timing of SC reorganization coincides with CO 125 designation. In C. elegans, designated crossovers can be visualized as bright GFP-COSA-1 foci, 126 which are first detected in mid-pachytene [36] (Fig. 1a ). To test whether the structural transition 127 within the SC coincides with the appearance of bright GFP-COSA-1 foci, we imaged nuclei at 128 mid-pachytene within intact gonads. We inferred the crossover designation status of individual 129 nuclei based on the detection of bright COSA-1 foci and classified them as either mid(-) 130 pachytene or mid(+) pachytene. Throughout mid-pachytene, SYP-1 retains its transverse 131 orientation and both N-and C-termini of SYP-1 are widely distributed in z ( Fig. 1f ,g,m and 132 Table S1 ). This is consistent with a lateral stacking of SYP-1 molecules in parallel orientation, as 133 observed in early pachytene ( Fig. 2a,b ). However, the distance of the C-termini of SYP-1 from 134 the central axis of the SC in frontal view was drastically lower in mid(+) pachytene nuclei 135 compared to SCs in mid(-) pachytene nuclei. 136
This indicates that the designation of COs coincides with a conformational switch within 137 the SC. To take an unbiased approach to analyze the dynamics of SC organization during meiotic 138 prophase, we employed principal component analysis (PCA) of SYP-1 and SYP-2 distributions 139 (see methods). The first dimension in the PCA, indicative of the main changes within the SC 140 across different stages during meiotic prophase, corresponds to the transition from early to late 141 pachytene SCs (Fig. 2c ). Mid(+) pachytene SCs are similar to late pachytene SCs along the first 142 principal component, while mid(-) SCs are in between early and late pachytene SCs, indicating 143 that the SC is reorganized upon CO designation. 144
In C. elegans, designation of COs triggers the asymmetrical remodeling of chromosome 145 axes and the SC to create two domains on either side, known as the long and the short arm. 146 Downstream steps in this differentiation require the recruitment of the Polo-like kinase PLK-2 to 147 the SC [5, 37, 38]. To assess whether the changes we observe in SC ultrastructure are dependent 148 on crossover designation and/or the subsequent remodeling processes, we determined the 149 organization of the SC in zhp-3(jf61) null mutants, which lack crossovers [39], and in plk-150 2(ok1936) null mutants, which are proficient for CO designation but show pronounced delays in 151 downstream remodeling and arm differentiation [5, 7, 37, 40], although they do eventually 152 segregate most chromosomes properly [38] . We found that SCs in late pachytene in zhp-3(jf61) 153 mutants resembled those in early pachytene nuclei in wild-type hermaphrodites, while SCs at late 154 pachytene in plk-2(ok1936) mutants are very similar to wild-type ( Fig. 1h ,i,n, 2 and Fig. S3c,e ). 155
Thus, structural reorganization of the SC requires CO designation but is independent of PLK-2. 156
We note that PLK-2 also plays an early role in homologous paring and synapsis [37, 40] , and our 157 super-resolution images reveal severe defects in SC architecture in plk-2(ok1936) null mutants 158 despite the overall similarity to wild-type late pachytene SCs (Fig. 1i, n) . Similarly, while the 159 global SC architecture in zhp-3(jf61) mutants resembled early pachytene SCs in wild type, the 160 SC increased in thickness along the optical axis during pachytene in zhp-3(jf61) oocytes, based 161 on the spatial distribution of SYP-1 ( Fig. 1h , n), consistent with the continuous incorporation of 162 SC subunits even in the absence of crossover formation [5]. In summary, our data indicate that 163 the SC grows in thickness from early to late pachytene independent of crossovers, while the 164 reorganization of SC ultrastructure requires and coincides with CO designation. 165 166
Defects in SC organization are linked to defects in crossover interference 167
The SC plays a critical role in regulating the number and distribution of CO 168 recombination events [3, 8, 9, 12, 13] . We therefore wondered whether reorganization of the SC 169 is linked to CO regulation. Fortuitously, in our efforts to isolate a functional C-terminally tagged 170 syp-4 allele, we identified an unusual, partially functional allele, syp-4(ie25) (Fig. 3a) . In syp-171 4(ie25) homozygotes, we observed timely homologous synapsis, as determined by the length of 172 the transition zone, which corresponds to the leptotene and zygotene stages of meiosis. Six 173 bivalents were consistently observed at diakinesis, indicative of CO formation on all six 174 chromosome pairs (Fig. 3b , c, e). However, super-resolution microscopy indicated that the 175 architecture of the SC was drastically altered in syp-4(ie25) late pachytene after crossover 176 formation ( Fig. 1l and 2, Extended Fig. S3 ). SYP-1 lies in a highly tilted orientation ( Fig. 2a,b ) 177 and the overall conformation of the SC in syp-4(ie25) at late pachytene is clearly distinct from 178 any conformation in wild-type animals in our principal component analysis ( Fig. 2c ). In contrast, 179 early pachytene SCs in syp-4(ie25) are more reminiscent of SC conformation of prior to CO 180 formation in wild-type animals ( Fig. 1k and 2). These data suggest a strong defect in SC 181 organization in syp-4(ie25) that is exacerbated upon CO designation ( Fig. 2c ). 182
Notably, syp-4(ie25) mutant hermaphrodites exhibited high frequencies of chromosome 183 missegregation, resulting in embryonic lethality (38±4% survival, compared to 104% in wild-184 type) and male self-progeny (6±1% compared to 0.1% in wild-type, Table S2 ), albeit less severe 185 than in a syp-4(tm2713) deletion allele (2.5% viability and 40% males) [18] . Importantly, 186 crossover formation was severely impacted in syp-4(ie25): We observed a slight delay in meiotic 187 progression, indicated by a modest extension of CHK-2 kinase activity [41] ( Fig. 3d ) and an 188 accumulation of RAD-51 foci, which mark unrepaired recombination intermediates (Extended 189 Data Fig. S4 ). Moreover, the structure of bivalents at diakinesis was altered in syp-4(ie25) 190 oocytes ( Fig. 3f ), indicating that crossover formation might be affected [42, 43] . 191
To better characterize the effects of syp-4(ie25), we imaged GFP-COSA-1 to quantify 192 designated crossover sites at late pachynema [36] . Wild-type animals display a single bright 193 GFP-COSA-1 focus on each of the 6 chromosome pairs, even when the number of DSBs is 194 markedly increased [36, 42] . In contrast to the 6±0.2 (s.d.) GFP-COSA-1 foci we observed in 195 wild-type and heterozygous ie25/+ animals, we observed 10.9±1.7 GFP-COSA-1 foci at late 196 pachytene in homozygous syp-4(ie25) hermaphrodites ( Fig. 3g, h ). This suggested that crossover 197 interference, which in wild-type animals acts over distances longer than any single chromosome 198 [9, 42] , is greatly decreased in syp-4(ie25) homozygotes. To test this hypothesis, we use two 199 different metrics to quantify the crossover interference strength, the gamma factor [44] and the 200 coefficient of coincidence [45] . Each of these approaches confirmed that crossover interference 201 is severely reduced or absent in syp-4(ie25) mutants ( Fig. 3i,j) . 202
To verify that GFP-COSA-1 foci indeed correspond to designated crossover sites in wild-203 type and syp-4(ie25) animals, we also measured crossing-over genetically using whole genome 204 sequencing (see methods). This confirmed that crossovers in syp-4(ie25) homozygotes match the 205 number of GFP-COSA-1 foci. Thus, syp-4(ie25) mutants are proficient for synapsis, yet they 206 exhibit drastic alterations in SC architecture and cannot impose normal crossover interference. 207
Crossover interference acts along the physical length of the synapsed chromosomes, and 208 in some organisms chromosomes with longer axes undergo more crossovers than chromosomes 209 with shorter axes [46] [47] [48] [49] . Therefore, we next asked whether the axis length is increased in syp-210 4(ie25) mutants. Interestingly, axes in syp-4(ie25) mutants are shorter than in wild-type animals. 211
Thus, changes in axis length cannot account for the observed increase in COs in syp-4(ie25) 212 mutants. We hypothesize that the increase in CO number may be caused by the defects in SC 213 organization in syp-4(ie25) mutants. 214
Partial depletion of SC proteins in C. elegans by RNAi can result in a slight increase in 215 the number of crossovers, to about 7 GFP-COSA-1 foci per nucleus [9]. Thus, we tested whether 216 the defect in crossover regulation in syp-4(ie25) can be attributed to reduced levels of SC 217 proteins. The abundance of an epitope-tagged HA-SYP-1 was not altered by the syp-4(ie25) 218 mutation ( Fig. S5a ). However, the immunofluorescence signal of SYP-1 and SYP-2 was reduced 219 in syp-4(ie25), although staining appeared contiguous along the chromosomes (Fig. S5b, c ). This 220 indicates the syp-4(ie25) mutation impairs assembly of SYP proteins between chromosomes. In 221 contrast, we also isolated a mutant, syp-4(ie27) (Fig. S6a ), which reduced expression levels of 222 SYP-4-HA to about 30% of wild-type ( Fig. S6c ). Both the transition zone and CHK-2 active 223 zone were extended in syp-4(ie27) single mutants, indicating that completion of synapsis and CO 224 designation were delayed ( Fig. 3c-d, Fig. S6b, d) . We also observed a slight increase in the 225 number of GFP-COSA-1 foci to 7±1.1 (Fig. S6e, Fig. 3g ), which is comparable to results 226 obtained for partial depletion of SYP-1, -2 or -3 by RNAi [9], but distinct from our results for 227 syp-4(ie25). This indicates that the defects in crossover interference in syp-4(ie25) are not a mere 228 consequence of reduced protein expression. 229
To test whether the defects in SC ultrastructure can account for the effects of syp-4(ie25) 230 on crossover regulation, we investigated the role of syp-4(ie25) in the regulation of COSA-1 foci 231 within aggregates of SC proteins known as polycomplexes. These bodies self-assemble prior to 232 or after synapsis in many organisms, including in early meiotic nuclei in C. elegans. Large 233 polycomplexes also assemble in meiotic nuclei in worms lacking the axis protein HTP-3, and 234
show periodic striations in orthogonal directions that correspond precisely to the width and 235 longitudinal banding of the SC [3, 50]. Intriguingly, we have found that polycomplexes in htp-3 236 null mutants recapitulate key aspects of the spatial patterning of CO proteins normally seen along 237 SCs, although these mutant animals lack DSBs and meiotic recombination intermediates. 238
Specifically, at late pachytene, most polycomplexes display a single COSA-1 focus (1.1±0.2; 239
. When we combined the syp-4(ie27) mutation, which reduces expression of SYP-240 4, with ∆htp-3, this resulted in smaller polycomplexes, but they showed an identical number of 241 GFP-COSA-1 foci at late pachytene (1.1±0.2) ( Fig. 4a, b ). By contrast, when syp-4(ie25) was 242 combined with ∆htp-3, multiple GFP-COSA-1 foci (2.1±0.8) were associated with each 243 polycomplex ( Fig. 4a, b) , mirroring the ~2-fold increase in GFP-COSA-1 foci observed along 244 bona fide SCs in syp-4(ie25) mutants. 245
We thus interrogated the organization of polycomplexes in syp-4(ie25) by EM. While 246 structures resembling the electron-dark lateral and brighter, striated central regions were 247 observed in Δhtp-3 syp-4(ie25), the overall organization was dramatically altered: polycomplexes 248 appeared to be internally fragmented, rather than maintaining constant orientation over hundreds 249 of nm, as in "normal" polycomplexes [3] (Fig. 4c ), and the distance between parallel electron-250 dark bands was much narrower (46.3±1.2 nm, vs 97.6±1.5 nm in Δhtp-3 polycomplexes, Fig.  251 4c), This likely reflects differences in organization and/or orientation of SYP proteins within 252 polycomplexes. Overall, the disorganized structure of polycomplexes in Δhtp-3 syp-4(ie25) in 253 EM is reminiscent of the architecture of SCs in syp-4(ie25) determined by 3D-STORM. These 254 findings indicate that structural defects within polycomplexes are sufficient to alter special 255 patterning of CO proteins, analogous to the structurally altered SCs that assemble in syp-4(ie25) 256 mutants. 257 258 Discussion 259
Together these findings establish that the correct organization of the synaptonemal 260 complex is required for spatial patterning of crossovers, and further corroborate previous 261 findings that the SC is important for crossover interference. They further suggest that CO 262 regulation may involve transduction of structural information through this liquid crystalline 263 material. This idea is reminiscent of a "beam-film" model for crossover interference, which 264 proposes that crossovers relieve local stress along a beam-like material [49, 51] . This mechanical 265 stress has been proposed to be imposed by chromatin structure and/or tethering of chromosomes; 266 however, our findings reinforce previous studies that implicated the SC as a crucial mediator of 267 crossover patterning [8, 9, 12] . In particular, we have reported that polycomplexes comprised of 268 highlighted by a gray dashed line. Dimension 1 scales with SC reorganization upon crossover 316 formation (colored arrow). We note that mid(-) SCs prior to designation of COs marked by 317 bright GFP-COSA-1 foci are closer to late pachytene than early pachytene. This suggests that 318 some aspects of the transition in SC reorganization may occur even prior to the appearance of 319 GFP-COSA-1 foci and/or nuclei designated mid(-) pachytene may include false negatives given 320 that our field of view in z is limited to 1 µm slices and does not contain whole nuclei. SC 321 organization in late pachytene zhp-3(jf61) mutants that lack CO formation is similar to wild-type 322 early pachytene, while SCs in plk-2(ok1936) null mutants resemble wild-type SCs. By contrast, 323
SCs in syp-4(ie25) mutants are distinct in both early and late pachytene. are distances of the maxima to the center of the SC (wt = wild-type; early = early pachytene; 376 mid(-) = mid pachytene nuclei without bright GFP-COSA-1 foci; mid(+) = mid pachytene nuclei 377 with bright GFP-COSA-1 foci). HWHM denotes the half width at half maximum of the 378 distributions ( Fig. 1m, gray 
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htp-3(ie100) syp-4(ie25) I; meIs8 II n.d. n.d.
∆htp-3 syp-4(ie27)
htp-3(ie101) syp-4(ie27) I; meIs8 II n.d. n.d.
SYP-4(ie25)
syp-4(ie25[syp-4ΔC::3xFlag]) I; meIs8 II; him-3(ie33) IV n.d. n.d.
SYP-4(ie25);
HA-SYP-1 syp-4(ie25) I; meIs8 II; him-3(ie33) IV; syp-1(ie40) V n.d. n.d.
zhp-3(jf61)
zhp-3(jf61) I; meIs8 II; him-3(ie33) IV n.d. n.d.
zhp-3(jf61);
HA-SYP-1 zhp-3(jf61) I; meIs8 II; him-3(ie33) IV; syp-1(ie40) V n.d. n.d. 
zhp-3(jf61)

Worm strains and transgenes 481
A complete list of C. elegans strains used in this study can be found in Table S1 . All strains were 482 cultured at 20ºC using standard methods [52] . GFP-SYP-3[32] was inserted by MosSCI [53] and 483 crossed into syp-3(ok758). Other tags were inserted using CRISPR-Cas9 genome editing as 484 described in [24] . Briefly, Cas9 and gRNA were delivered by microinjection, either encoded on a 485 plasmid [54] or as in vitro preassembled Cas9-ribonucleoprotein complexes. Repair templates for 486 small epitope tags were codon optimized for C. elegans [55] For quantification of proteins levels by immunofluorescence, imaging was performed on a 503
Marianas spinning-disk confocal microscope (3i) with a 100x 1.46 NA oil immersion objective. 504 3D stacks of wild-type (syp-4-ha(ie29)) and syp-4(ie25) animals were taken from the same slide 505 and quantified in Fiji. SC containing voxels are identified by thresholding the SYP-2 and SYP-4-506 3xFlag channels for syp-4(ie29) and syp-4(ie25), respectively. Images shown in Fig. S6 are 507 background subtracted maximal intensity projections with equally scaled intensity values. 508
509
STORM and PALM imaging 510
Super-resolution imaging of dissected, immuno-stained intact germline tissue was carried out as 511 described [24] . Targets for STORM were labeled with donkey or goat secondary antibodies 512 labelled with Alexa Fluor® 647 (1:500, Jackson ImmunoResearch and Invitrogen). 513
Subsequently, the fluorescently tagged internal reference protein, mEos2-HIM-3 or mMaple3-514 HIM-3[24] was imaged using PALM [59] [60] . For early pachytene images, mEos2-HIM-3 was 515 co-stained with a rabbit anti-HIM-3 antibody and a donkey-anti-rabbit secondary antibody 516 (Jackson ImmunoResearch) labelled with NHS esters of CF568 to achieve a 2:1 dye-to-antibody 517 ratio. Aligned and averaged images (Fig. S1 ) were used to generate histograms of localization 518 events in x and z [24] . To systematically distinguish between mono-and bi-modal distributions, 519
we evaluated fits with one and two Gaussians using an ANOVA test in R (p < 0.05). Standard 520 deviations of fit parameters were estimated by a subsampling approach using subsets of half the 521 number of individual SC stretches [24] . The results are summarized in Table S2 . 522 523
Statistical analysis 524
Sample sizes were not predetermined, and experiments were not randomized. The investigators 525
were not blinded to allocation during experiments and outcome assessment. For STORM 526 experiments, the total lengths and number of stretches analyzed are summarized in Table S2 . 527 528
Analysis of of SC organization 529
To derive a model for SC organization from our data, we asked which orientations of SC 530 proteins were consistent with the observed distributions, assuming that each protein is a rigid 531 rod. We first corrected the raw data by removing the extreme 2.5% of the localization events 532 using squared Mahalanobis distances in R (version 3.4.2). We then mapped each localization 533 event corresponding the nth-percentile in x and the mth-percentile in z of the N-(or C-) terminal 534 distribution to a randomly selected localization event within the nth ± 7.5% in x and mth ± 7.5% 535 in z of the corresponding C-(or N-) terminal distribution. This analysis reveals the distance 536 between the N-and C-terminal antibodies used for imaging and the orientation of the protein 537 within the SC. For further analysis, we remove outliers among the mapped localization events 538
with extreme values corresponding to the lower and upper 2.5% of distances. 539
To visualize changes within SC organization, we performed principal component analysis of the 540 widths, and -where applicable -positions off-center, for N-and C-terminal distributions of 541 SYP-1 and the C-terminal distribution of SYP-2, the orientations of SYP-1 molecules as 542 characterized by the median and 90th percentile angles, and the average distance between N-and 543 C-terminal antibodies using R (version 3.4.2). We excluded SYP-3 and SYP-4 from this analysis 544 since experimental challenges prevented us from analyzing their localizations for all genotypes. 545 546
Recombination mapping 547
To map meiotic recombination events, the syp-4(ie25) allele (generated in Bristol N2 548 background) was introgressed into the divergent Hawaiian strain CB4856 by 8 sequential crosses 549 and selection for ie25. Hawaiian and Bristol wild-type and syp-4(ie25) strains were crossed, and 550 the hybrid F1 progeny were backcrossed to Hawaiian males. These cross-progeny, which have 551
Hawaiian paternal chromosomes and recombined Bristol/Hawaiian maternal chromosomes, were 552 plated individually, allowed to reproduce for one generation, and the genomic DNA of their 553 To compare expression levels of SYP proteins, 120 adult worms were lysed by boiling in 40 µL 573
Laemmli sample buffer (with β-mercaptoethanol) for about 5 min, until particulate matter was 574 not detected using a dissection stereomicroscope. Samples of whole-worm lysates were run on a 575
Nupage 4-12% polyacrylamide gradient gel and transferred to a PVDF membrane. Primary 576 antibodies were rabbit (Pierce, PA1-985, used for HA-SYP-1) or mouse anti-HA (SYP-4-HA) 577 and mouse anti-tubulin (EMD Millipore), each diluted 1:5,000. HRP-conjugated secondary 578 antibodies (Jackson Laboratory) were detected with ECL reagents (Amersham). For SYP-4-HA 579 blots, HA and tubulin were easily resolved and can be detected simultaneously. For HA-SYP-1, 580 HA was detected by HRP-anti-rabbit/ECL and tubulin is detected by Cy3-conjugated anti-mouse 581 secondary antibody (1:5,000). Images were recorded using a Chemidoc system (Bio-Rad) and 582 quantified using Fiji. 583 584 Data Availability 585 NGS datasets generated during the current study are available on the NCBI SRA database under 586 accession number SRP126693 (https://www.ncbi.nlm.nih.gov/sra/SRP126693). Any additional 587 data are available upon reasonable request. 588 589 590 591
